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ABSTRACT
The i-ace-specific resistance gene Pi-ta has been effectively used to control blast disease, one of the most

destructive plant diseases worldwide. A single amino acid change at the 918 posil.ion of tie Pi-ta protein
was known to determine resistance specificit y. To nndersia,rd the evoltmtionauy dynamics present, we ex-
amined sequences of the Pi-talocus and its flanking regions in 159 accessions cotiposed of seven AAgeitome
Oryza species: Osat-eva, 0.-ru/i/sag -on, 0. nivara, 0. ,iienthonalis, 0. giaben-ima, 0. barthii, all ci 0. ji-u.s aepatsila. A
3364-hp fragment encoding a predicted Iransposon was found in tile proximity of the Pi-ta promoter -egion
associated with the resistance phenotype. l-laplotype network analysis with 77 newly identified Pi-ta
liaplotypes and 18 newly identified Pi-ta protein variants demonstrated the evolutionary relationships of
Pi-ta haplotypes between 0. sativa and 0. ntfipogon. In 0. rufipogon, the recent directional selection was found
in the Pi-ta region, while significant deviation from neutral evolution was not found iii all O.satnsa groups.
Results of sequence variation in flanking regions around Pi-lai n 0. saliva suggest that the size ol the resistant
fl-ta introgressed block was at least 5.4 Mb In all elite resistant cultivars but not, in tile etili vars wIthout. Pi-ta.
These findings denmotistrate that the fl-ta region with tratisposon anti additional plant modifiers has evolved
under an extensive selection pressure during crOj) breeding.

P
LANT resistance (it) genes have evolved to fight,
against a wide range of pathogens in a race-specific

manner where ,I Rgene in a plant recognizes
the corresponding avirulence (Al/H) gene in a patho-
gen race (F](jR 1971). Thus far, a number of it genes
have been identified and characterized fF0111 diverse
plant species. Most characterized it genes to date
encode putative proteins with nucleotide binding sites
(NBS) and leucine-rich repeats (LRR) (Flm,netcr ci at
2001). Most it genes are highly polymorphic and di-
versified, which is consistent with the ability to interact.
with diverse randoni molecules encoded by diverse
pathogen AT/I? genes (MEYEis ci al. 2003; BARKER ci at
2006; Su:EN ci at 2006).

Blast disease, caused by the filatnentous aseomycete
Mag-n.aporlhe oryzael3.C. Couch [formerly M. grisea. (T. T.
Hebert) M. E. Ban-] (ROSSMAN ci at 1990; CoucH and
KOHN 2002), has been one of the major constraints to
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stable crop production. Currently, Or-yza sauna and Al.
otyzac have been an excellent model patilosystetn for
uncovering the molecular coevolution mechanisms of
host—pathogen (VALENTeI at 1991; TALBOT 2003). At
least 80 race-specific H genes that confer resistance to
specific pathogen races have been described in ricerice
germplasm (BAtItNI ci at 2008). Eleven blast H genes
(Pi-ta, Fib, Pi21Piz-t, 110, Pi9, Pi2.1, P06, Pi37, Pi-d2, P11cm,
and Fit) have been cloned, and most of them, except
J'i21 and Pi-d2, were also predicted to encode receptor
proteins with NBS (CHEN ci at 2006; EtiKuotcA at at
2009;JIA ci at 2009b). In most eases, blast Rgenes are
members of small gene families with a single family
member required for resistance. P/k-rn and Pi5 are ex-
ceptions that require two members of the same gene
family for P11cm- and Pi5-mediated resistance, respec-
tively (ASHIKAwA ci at 2008; LEE ci at 2009). Recently, a
retrotransposon was predicted to he involved in the Pit
resistance (HAYASH i and Yosi-IIDA 2009).

The evolutionary dynamics and mechanisms of re-
sistance mediated by Pi-ta is one of the best-studied R
genes. Pi-ta has been effectively deployed in the United
States and around the globe for controlling blast disease
(BRYAN ci at 2000; JIA ci at 2000; JIA 2003; JIA ci a?.
2004a,h; HUANG c/at 2008;JtA and MARTIN 2008; WANG
ci at 2008; JtA ci at 2009a). Pi-ta encodes a predicted
cytoplasmic protein with a centrally located NBS and
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a highly interrupted LRR domain (referred to as the
LRD) at the carboxyl terminus that recognizes the
correjonding avirulence gene AW?-Pila, triggering
race-specific resistance. A single amino acid substitu-
ton, serine (Ser) to alanine (Ala) at the position of 918,
in the LRD of the Pi-La protein was demonstrated
to determine the direct interaction with AVR-Pita and
the resistance specificity to blast pathogen M. oryazae
(BRYAN ci al. 2000; JIA ci at 2000). The resistant Pi-ta
allele (Ala-918) was found in 0. saliva and its ancestor
0. ru,fipogon (J t& et at. 2004b; HuaNc. ci al. 2008). Surveys
of Pi-ta nucleotide sequences with limited accessions of
Oryza species have revealed that the degree of nucleo-
tide diversity is higher at the intron of the Pi-la gene( JIA

ci at. 2003; HUANG eta?. 2008; WANe, ci a?. 2008; Yos}1 IDA

and MIYASII.rrA 2009). HUANG ci at. (2008) further
suggested that a selective sweep occurred recently at the
Pi-tar gene in 0. rufipogon, but the extent of selection
around the Pi-ta genomic region has not been demon-
strated in either 0. rufipogon or 0. saliva-

Knowledge of the historical introduction of the P1-ta
gene can help to understand the extent of selection at the
P1-ta locus. The landraces Tadukan and Tetep, containing
Pi-ta and other blast R genes in chromosome 12, have
been used as breeding parents for preventing blast
disease worldwide. Tadukan was confirmed to be the Ri-

ta donor for various Asian japonica. cultivars (RYBKA ci al.
1997) whereas Tetep was the P1-14 donor for the U. S.
cultivars (GilAvols etal. 1995; MOLDENHAUER ci at. 1998;
MCCLUNG ci at 1999; GIBBONS etal. 2006; MOLDENI1AUER

el al. 2007). Recently,the large introgressed chromosomal
segments surrounding the Pi-147 locus were identified in
backcross BC3 progenies and elite rice cultivars (JIA

2009), This suggests that the broad spectrum of the P1-la
resistance in the United States may include the effects of
other loci in the Pi-ia region, inherited as a "superlocus."
Toward this end, Plr(t), a nuclear gene that is required for
the P1-ta-mediated resistance, was also mapped at the Pi-ta
region (JIA and MARTIN 2008). Further determination of
DNA sequences around the Pi-ta gene should help! to
determine the minimal genomic region that is essential
for P1-ta-mediated resistance.

-The two cultivated rice species, 0. saliva and 0.
glaben-Ima, belong to the AA genome of Oryza species.
0. rufipogon and 0. nivara are wild progenitors of the
Asian rice 0. saliva, whereas 0. barlhii is a wild progeni-
tor of the African cultivated rice 0. glaberrima (LINARES

2002; YAMANAKA ci at 2003; LONDO ci at 2006). The
comparison of R-gene diversity between cultivated rice
and its wild ancestors is important to understand the
selection effects of crop domestication and breeding.

The objectives of this study were (1) to characterize
distributions of the Pi-la allele in 0. saliva and to detect
the potential presence/absence of polymorphism(s)
associated with the resistance phenotype; (2) to exam-
ine the molecular evolution and patterns of selection in
the P1-ta gene in 0. saliva and a nrJipogon; (3) to analyze

molecular diversity around the Pi-talocus in AA genome
Oryza species; and (4) to understand the pattern and
extent ol selection for Pi-/a-mediated resistance in Oryza
species during crop domestication.

MATERIALS AND METHODS

Plant materials and DNA preparation: A total of 159 geo-
graphically diverse accessions of 0. sauna, 0. rufipogon, and five
other closely related AA genuine Oryza species were selected
for this study. These included 43 Asian landraces, 18 U. S.
domesticated cultivars, and 58 U. S.'veedy rice strains in 0.
saliva; 28 geographically diverse accessions of 0. rufipogan; 4
accessions of 0. gtabernma; and 2 accessions each of 0. nivara,
0. banhh 0. ,nthdiona!is. and 0. gturnacpaiule (Table SI). U. S.
eultivars and weedy rice seeds were obtained from the tJSDA-
ARS Dale Bumpers National Rice Research Center; and
all Asian landrace accessions consisting of 15 ituiica, 7 ens,
3 aromatz4 12 tropical japotiwa, and 4 temperate japonica were
obtained from Susan MeCoitch at. Cornell University and the
International Rice Research lnstiu.rte. Plants were grown in
greenhouses at Washington University and the University of
Massachusetts. DNA extracted from 2- to 4-week-old seedlings
was diluted to 2 ng/pJ for further analysis.

Primer design and DNA sequencing: Primer pails were
designed using the Pritner3 program (RozeN and SKALET5KY
2000) to amplify overlapping fragments (-400 hp each) for Ri-
ta, including 5' upstream. 3' downstream, and a coding region
with an intron (Table S2). All primers were verified by BLAST
against both 93-I1 (indica) and Nipponbare (japonica) ge-
nome sequences. Primers were also designed to amplify 400-10
700-hp fragments of six flanking genes in the regions from
9.6 to 11.6 Mb on chromosome 12. The six flanking loci
around the Pi-la gene were l.,OC_0S12C16690 (9.6 Mb),
LOG_OS12G17080 (9.8 Mb), and LU 0S12G17830 00.2 Mb)
and LOC_OSI 2G18690 (10.8 Mb), LOC_OSI 26] 9290
(11.2 Mb), arid LOG_0S12620260 (u.S Mb) (hu.p://rice.
plantbiology.msu.edu/) . For 1] resistant eultivars carrying
Pi-ta (Tadukan, Tetep, Th Qing, Yashiro-mochi, PH, Reiho,
!R64, Katy, Banks, Drew,and Madison), fragments from six
additional flanking loci were sequenced: IDC_OS] 2612370
(6.8 Mb), LO_OS12G13570 (7.6 Mb), LOC_0S126]4330
(8.2 Mb), LOC_OS12G22360 (12.6 Mb), LOCOS 12624020
(13.7 Mb), and LOC_OS12625630 (14.8 Mb) (http://riee.
plantbiology.msu.edu/) (Figure 1).

Sequence data analysis: All DNA sequences from Pi-ta and
12 flanking genes were aligned using Vector NTI 10 (Invi-
trogen) and MEGA 4 (TAMURA et at 20117). The genomic
sequence kern Nipponbare, a temperate japonica culnvar; was
included as the reference sequence (http://rice.plani.biology.
msu.edu/) . Additional sequences of the Pi-la gene of 50 ac-
cessions of 0. ntJipogon, 3 accessions of 0. nivara, 2 accessions
of 0. merldionalis, 6 accessions of 0. glaben-irna, and 6 accessions
of 0. harthiiwere obtained from the CenBarik database (Table
Sfl, yielding a total of 226 accessions. For the sequence
analysis, accessions of temperate japonica, tro/n oil j(IftOIiWa, and
aromatics collectively formed the japonica subspecies, and ens
and indica together formed the Indira subspecies. Nucleotide
polymorphisms at and around the Pi-ta region were analyzed
using the software DnaSP 4.9 (RozAs et at. 2003). The level of
nucleotide diversity at silent sites and the population
mutation parameter 0 (Watterson estimator) of Pi-ta and
the flanking gene fragments were estimated for each group of
0. saliva and compared with that of other, Oryza species.
Average tales of nonsynonymous (,) and syi)Onytnous (Ks)
substitutions "er-c calculated to examine selections at the P1-ta
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oxidase (LOC_OSI 2G25630).

coding region ill all accessions of 0. saliva and 0. ru/ipogon.
J multi anal yses of ill terspecihc comparisons usin g 0. harIhit
as an ontgroup species were used for estimating the ratio of
k ,/K, and for determining deviations from neutral evolution
(Atsttt 1999). Sliding-window anal ysis was performed to
exLlni1 ie 11 oclet )tide polvi nor[Jl lislil across the P1-la gene in
Al ()rvza species. Statistical tests of nentralit y such as lajinias
I). Fit and las & and l, and Fav and \\iis nornializm-d i/were
calculated to examine the selection present at attd around
Pi-la. Extended liaplotype hoiuoivgosity (EHH ) (S,siii.:ti el (1l.

2002) was calculated to visualize the effect of selection n the
alleles containing Ala-91 S or Ser-9 18. A haplotvpe network was
also constructed for comparisons of genealogical relationships
among P1-la liaplotypes using TCS 1.21 (Cl.i:\1i:NI ii (1l. 2000).

RESULTS

Nucleotide diversity at the Pi-ta region: High levels
of nucleotide variation were observed in the muon,

5'-UlR, and 3'-IJ'l'R regions of Pi-la in 159 accessions
(Figure 1). Insertions and deletions (inclels) ranging
From 10 to 54() hp in the noilcodilig regions were
distinguished among the Pi-la haplotypes A 242-bp
deletion ill an intron of P1-la was found only in 0.
glabernma, 0. hart/tn, and 0. glumaepatula. \\ithii the
coding region, levels of nucleotide and amino acid
polymorphism were substantially higher in the first
exon. Comparisons of amino acid mtitations aiitoiig
partitions of the coding legion showed that flonsyfloil-
viiiotis were more conirnon than SvtlOflYlllOtiS changes
in the NBS region (Figure 1 B) .Ntic leotide diversity
ill 0. saliva was lower than that in 0. rtI/pogon. A total
of 175 polymorphic sites, excluding itidels, were found
in the ending region, including an introit; of these
polymorphic sites, 29 occurred ill ().saliva, 121 in
0. rujipogon, and 25 ill other Oryza species. Average

A.
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TABLE 1

Molecular evolutionary parameters of the Pi-ta gene in Oryza species analyzed in this study

Species

0. saliva
0. ciiii ZJII/?Ca
0. saliva Ja/R)nica
0. saliva japonica Asian cultivar
0. saliva japan/ca U. S. etiltivar
0. ruji/nvivn
0. flivara
0. glciben-i ma
0. hurl/u,

Sample no. Nitcientitle

55
	

4250
23
	

4250
32
	

4250
16
	

4250
16	 '1230
91
	

3988
4003

10
	

4002
9
	

4002

0

0.00206
0.00235
0.00143
0.00174
0.00174
0.00888
0.01520
0.00966
0.01066

0.00287
0.00257
0.0023(1
0.00244
0.00226
0.00522
0.01322
0.01366
0.01336

.1)

1.3679(1
0.0293(1
1.63577
(1.78421
1.41109

-2.14289
-1.06120

1.88503
1.21069

J) :5

0.43956
-0.18210

1.25707
0.47668
1.53348**

-2.09795
--1.06420

1.03161
1.07971

5.

0.92805
-0.15867

1.62162
0.6484(1
1.72883:1
2.54]135

-1.15583
1.41069
1.24886

0.16426
-0.29793
0.41988
(1.01420
0.64640

-3.65945
-3.39370

0.19870
-1.63819

Ow., \\atterson's nireleotide diversity estimator (1975) based t)n silent site; IT, Nei's nucleotide diversi t N , (1987) based on silent site;
I), lajimas 1) statistics (1989) based on the differences between the ntiiiulcr of scgregaung sites and the average number of nu-
cleotide differences; J)* and F*, the neutral test proposed by Fu and Li (1993) and	 normalized Fay and Wu's H lest statistics.
Statistical significance:	 J' < 0.02 and Sp K 0.05.

pairwise nucleotide diversit y and silent Watter-
son's nucleotide diversity estimator ( 0 \V ) over the Pi-la
gene was lowest in 0. saliva (ITsji:. i = 0.00292, O =
0.0() 180) compared to other Orvza species, including
0. rJi/oon (ITk. 1( = 0.00522-0.01366, O. = 0.00888-
0.01520) (Table I). The levels of diversity in African
cultivated rice 0. glaberrima anti its wild progenitor
0. hart/iii were similar to 0. ruJipogon and 0. nivara
(Table 1). Analyses for 0. glnmaepatnia and 0. meiidio-
nalis were not included because of sample limitation.

A total of 53 Pi-la haplotypes were identified (Table
S3) from seven AA gcnome ()ryza species, including
the previously reported 20 haplotypcs (HWSNu ci (ii.
2008; WANG ci (il. 2008; Yost ii 1)5 and MIYASH ir, 2009).
Among them, 32 Pi-ta haplogroups were identified

from different Oryza species in the haplotype network,
suggesting that the diversification of Pi-ta haplotypes
occurred before the divergence of these Oryza species
(Figure 2). Nineteen haplotypes were from 0. saliva
and 25 haplotypes were from 0. rujijiogon (Table S3).
A total of 26 Pi-ta variants front to PT26 were
identified on the basis of the amino acid sequence of the
Pi-La protein in Orza species (Table 2); these include
8 Pi-ta variants previously identified (WAN(-. ci al. 2008).
Five Pi-ta variants-PT1, PT2, PT3, PT4, and PT20-
were the most prevalent type of the variants in 0. saliva
(Figure 2 and Table Sl ). PT! containing the functional
amino acid alanine at 918 was found only in accessions
of 0. saliva and 0. ru//pagan. PT22, PT2S, PT24, PT25,
and PT26, were the major types of Pi-ta variants found in

C,

r	 (P12)	 LH	 H3

/i \ (PT3)

Fiut RE 2.-A haplotype
network based on riucleotidr:
pommoi1ihisms of the Pi-la
coding region of 226 acces-
sions of seven ,\A genornc
Orza species: 0. saliva, 0.
l'hljipogon, 0. 1? ivara, 0. men-
diana//is, 0. giahernima, 0. hay
I/ui, and 0. giumaepatula.
Each group of haplotypes is
shown as a solid circle, and
seven major hiaplotypes are
marked in larger circles.
The Pi-ta variants are in pa-
rentheses. Each branch rep-
resents a single mutational
step. Branches sith small
solid circles indicate that
there is more than a single
in utat i( nial step between hap-
lotvpes. A number next to a
branch represents the length
of the mutanonal steps. Dif-
ferent sizes of circles repre-
sent the different numbers
of each haplotype.

o o. saliva indica	 0. rutipogon
• 0. Saliva japonica 0 0. nivara

' 0. saliva red rice	 • 0. meridionalis
• 0. saliva aromatic • 0. glamaepatul



Pi-la Gene in AA Genome Oryia Species
	 1319

TABLE 2

Description of Pi-ta variants based on a 928-amino-acid sequence in 159 accessions of seven Oryza species: 0. saLiva,
0. rufipogon, 0. nivara, 0. meridionalis, 0. glumae/atnla, 0. barthii, and 0. giaberrirna

Amino acid position
1-

000 0000 O '0=2  000000
 ------

    ,1 00 O 000 N- N- N- fl N- N- -1 N	 -1 00 C - ,-1
variant 00 	 0000 N- N-00 	 .-i	 - .- .- r' r' r' r'"	 0000 N- N- N- 00 000000OQ hIS. Oryza species

0. saliva and 0. rufipogon
0. saliva, 0. ruJlpogon, 0. nivara,

U glaberrima
0. saliva, 0. rufipogon, U nivara,

0. meridionales, 0. glaberrima.
0. harthii

ILPYPTARTSGLRHHGTEDQKIPRVHMHIKADLLATRRDLHFPA

I . .......................................... S

S ..........................................S
S .........S ................................S
S... L ...................................... S

S ....... A ..................................S
5 .......... F ............................... S

S ............... I. .E .......................S
S ...........................V ..............S
S .................................G ........S
SV .......... ....................... G ........S
S ....................................M ..... S

S ........................................V.5
S........G ............................ N .... 5
S........G ..... V ...... N ....................S
S ..... . L.G ..... V ...... N ....................S
S......L.G ................................. S

S .................V ........................S
S ................. V ............ N ...........S
S ...........SQ... .V ........................S
R ............ Q .... V ........................S

S .....V ....... D .... . RV.KFYIR.RS.I..NC..FN.LS,
S. .H. .V ....... D. .Q. . .V.K.YI. . . S.I 	 .NC. . FN. .S

S. .H. .V ....... D ...... V.K.YI ... S.I	 .NC. .FN. .S

S .....V ....... D ..... . V.K.YI ..... I. .N	 . .FN. .S
S .....VH ...... D ..... . V.K.YI ..... I. .N ... FN. .5

PT!
PT2

PT3

PT4

P15

PT6

PT7

PT8

PT9

PTIO

PT!!

PT 12

PTI3

PT! 4

PT! 5

PT 16

P±!7

PT! 8

PT 19

P120

PT2 I

Pi'22

PT23
PT24

P125
P126

R

S

R

S

S

S

S

R

S

S

S

S
	

0. rujIpogon, 0. nivara, 0. glaberrima,
S
	

0. barihii, 0. glumapalula

S

S

S

"The disease reactions for Pi-ta variants PTI, PT2, PI'3, PT4, PTh, PT20, PT22, PT23, PT24, PT25, and PT26 were obtained from
two U. S. races, 1B17 and 1B49 of M. oryzae(WANc. et al. 2008 and this study): Disease reactions for PT5, PT7, PT14, PT17, and PTI8
were marked according to the previous report of HIJANG el al. (2008). R, resistance; S, susceptibility.

0. glaberrima, 0. barlhii, and 0. glumaepatula ('fable 1).
The -EHH test in 0. saliva revealed that the level of
regional recombination around the Pi-ta allele (Ala-
918) was lower (EHH = 0.331) than that in the allele
(Ser-918) (EHH = 0.669). This result suggesLs that the
alanine-918 allele was recently derived from the ances-
tral Pi-ta variants that carry serine at 918 (Figure 3).

Selection at the Pi-ta locus: Tests of neutrality were
performed for the Pi-La gene (coding region and
intron) using the statistics of Tajima's D, Fu and Li's
L and F", and 

he
 and Wu's 1-i, (Table 1). The value of

Tajitna's D was positive and deviated from neutrality
in 0. saliva (D= 1.32357); however, other values for Fu
and Li's D* and F and for Fay and Wu's H,, (D* =

0.21562, f" = 0.77317, Fay and Wit's I-f,, = 0.16426) were
not significantly different from the neutral model. To
determine if the statistical differences were from the

population structure of the Pi-la gene in 0. saliva,
accessions separated into four subpopulations-indzca,
japonica, japonica Asian cultivars, and japonica U. S.
cultivars-were analyzed for neutral tests. As shown in
Table 1, all statistical values for neutral tests did not
significantly deviate from neutrality except in U. S.
cultivars (D= 1.41409, D* 1.53348, and J* = 1.72883,
P < 0.05), consistent with the fact that Pi-la has been
substantially selected for preventing blast disease in the
United States. On the contrary, significant negative
values of neutrality tests in 0. rufipogon suggest an excess
of rare alleles, consistent with a recent selective sweep
(Table 1) and with the report using different accessions
of 0. rufipogon (HUANG el al. 2008). Positive values of
l'ajima's D and Fit Li's D* and F were found in 0.
glaherrima and its wild ancestor 0. barthii, suggesting a
balancing selection (Table 1). However, it. was not
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5-1Mb -5370	 P1-ta	 +2098 3'- 1Mb

FIGURE 3.-Comparison of the EHI-] of two
core haplotvpcs (alanine-918 and serine-9 18)
in the P1-la region in 0. saliva. The core was de-
fined by a single amino acid change at the posi-
tion of 918 (sen ne: TCT or a Iai iii IC: GCT) thai
determines the resistance specificity of Pi-la.
The starting EMIl value lot alanine-918 is
0.331 while the HI-114 'Blue is 0.669 for se'ine-
918.

determined if it was due 1.0 selection or population
structure iii both species because of sample limitation.

The level of synonymous divergence (K5 ) exceeded
that of nonsynonymous divergence ()Q in all partitions
of the coding region of the Pi-la protein except the NBS
region in 0. saliva and 0. vujipogon, indicating purifying
selection against amino acid substitutions in most
portions of the gene (Table 3). These findings were
also confirmed in comparisons between synonymous
nucleotide polymorphism (Irwu) and nonsynonymous
nucleotide polymorphism (r10 ) in 0. rufipogan (Table
3). However, the 'u,,.n:ir,um ratio was smaller than one
(ii,,i : nnn C 1) in the NBS in 0. saliva due to the very
Tow polymorphism present in the species. The NBS of
the Pi-ta protein in both 0. saliva and 0. rufipogon
showed a greater number of interspecies nonsynony-
mous-to-synonymous substitutions (K L/K.> 1), indicat-
ing thatpositive directional selection has favored amino
acid substitutions in this domain (Table 3).

Nucleotide polymorphisms in genomic regions
around Pi-ta: We sequenced all fragments of targeted
flanking loci around Pi-ta except one locus encoding a
NBS-LRRdisea.se resistance protein (LOG_0S12G14730),
the RPM-1 homolog located at 8.2 Mb. The presence
and absence of the RPM-1 h6molog was found in both
0. saliva, and 0. rufipogon accessions. The absence of
the RPM-I homolog was found in two Asian cultivars,
Yashiro-mochi (japonica) and 'l'e Qing ( 'indica) , and in all
U. S. weedy rice carrying resistant P1-la (Table 54).

Nucleotide data sets shown in Figure 1 were aligned
for 433-659 bp of six loci in 2 M around Pi-la in all 159
accessions. The estimated values of nucleotide diversity
for these loci were 0-0.00391 in 0. saliva and 0.0015-
0,00508 in 0. rwJipogon. The levels of sequence variation
in flanking loci around Pi-la were similar to the levels in
the P1-la locus found in both species (Table 4). The test
of Tajirna's Din the region around Pi-ta in 0. saliva and
0. ru/ipogon revealed that no significant pattern of

TABLE 3
Molecular variation and selection at the Pi-ta gene in 0. saliva (indica,japoniea, and weedy rice) and 0. ruJipogon

Gene segment 	 S

Coding	 12
5' coding to NBS	 6
NBS	 2
NBStoLRD	 0
LRD	 4

Coding	 62
5' coding to NBS	 24
N.BS	 15
NBStoLRD	 4
LRI)	 19

7rQI,	 ln,uoii/11.cyn

0. saliva (n = 113)
0.0015	 0.00098	 0.654
0.00305	 0.00337	 1.105
0.00009	 0.00003	 0.293
o	 o	 0
0.00196	 0.00063	 0.319

0. nifipogon (ii = 91)
(100249	 0.00166	 0.668
0.00491	 0.00278	 0.564
0.00101	 0.00155	 1.543
0.00401	 0.00049	 0.121
0.00174	 0.00139	 0.801

Ka(JC)5

	

0.00871	 0.00560

	

0.01513	 0.01034

	

0.00004	 0.00451

	

0.03457	 0.00371

	

0.00774	 0.00536

	

0.00849	 0.00530

	

0.01211	 0.00698

	

0.00052	 0.00484

	

0.03384	 0.00359

	

0,00694
	 0.00514

0.643
0.683

102.5
0.107
0.692

0.625
0.577
9.341
0.106
0.741

nucleotide diversity at synonymous site; 	 nucleoude diversity at nons ynonynious site.
5Jukes-Cantor (JC) corrected synonymotis differences per synonymous site (Ks) and nons ynonynlons differences per lousy-

nonyrnous site (F) using inti-aspecific and interspecific comparisons using 0. barthii.
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selection presents around the Pi-ta locus in 0. saliva.

However, a significant negative value of Tajima's I) was
detected around the P1-ta locus in 0. rujlfrogon, similar to
the result found in the Pi-ta gene (Table 4).

Interestingly, a 3364-bp insertion located 1012 hp
upstream of the start codon (ATG) was found only in all
accessions carrying the resistance Pi-la allele (Figure
4A). The presence of the insertion in resistant acces-
sions was verified by Southern blot analysis using a
probe derived from the 5' region of Pi-la (Figure 4R).
The inserted fragment was cloned and sequenced
from the U. S. cultivar, Katy (GenBank accession no.
GQ984160). Sequences of the 3364-bp fragment were
predicted to encode a protein with 844 amino acids with
domains commonly found in zinc fingers and transcrip-
tion factors and with domains commonly found in
hAT family dimerization (hATC) of a transposable
element (Figure 4C). Using the rice sequence database
of Nipponhare (japonica) and 93-11 (indica), a highly
homologous sequence with the insertion was found on
chromosome 2 of 93-11 while no homologous sequence
was found in the Nipponhare. lFrom a Southern blot
using the probe in the insertion and PCR analysis with
printers amplifying the flanking region of the insertion,
the 3364-hp insertion was determined on chromosome
2 in susceptible indica cultivars; however, the insertion
was on both chromosomes 2 and 12 in resistant indica

cultivars or japonica cultivars possessing indira-derived
resistant Pi-ta (data not shown).

After surveying in the 2-Mb region around Fl-la in
118 accessions of 0. saliva, no polymorphism was de-
tected in all resistant 0. saliva accessions. Six addi-
tional flanking gene fragments were sequenced in the
8-Mb region to identify polymorphisms in those acces-
sions (4 Mb upstream and 4 Mb downstream of P1-1,a).

The different sizes of the Pi-ta introgressed block in
resistant cultivated rice were estimated by detecting
the initial breaking point of recombination surround-
ing the Pi-la locus. A range from 5 to 8 Mb of the Pi-la

introgression block (the average being 7 Mb) was iden-
tified in 11 resistant cultivars (JIA el al. 2004b; WANG

et al- 2007). Among them, the smallest block (5.4 Mb)
was identified in Yashiro-mochi and the largest Pi-la
introgression (>8 Mb) was found in the two Japanese
cultivars Pi4 and Reiho whose Pi-ta region was derived
from Tadukan. A 6.8-Mb portion of the P1-la region in
Tetep was identified in the U. S. cultivars Katy. Drew,
Ranks, and Madison (Figure 5).

DISCUSSION

In this study, we analyzed DNA sequence polymor-
phisms in and around the genomic region of P1-la. in
159 geographically diverse Oryza accessions composed
of several Oryza species to gain insight into the origin
and evolution of Pi-la. We discovered that the extended
genomic region (>5 Mb) surrounding resistant Pi-la
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11/
-	 Pi-ta

Tadukan

Reiho, Pi4

Tetep: 
0(14.8Mb)

Katy, Banks, Drew, Madison: 
T. G (148Mb

	

Te Cling
	 PA (8.2 Mb)

A. TO, G (6.8 Mb)
1R64

	

Yashiro-Mochi	
PA (8.2 Mb)	 0, A (137 Mbj

799kb	 547kb	 5494kb	 1171kb

Resistant Pi-ta introgressed region

Sequence region unrelated with resistant Pi-ta

FlntRr 5—Sizes of Pi-la introgressious in 0. sativa Asian and U. S. cliltiulted ice through breeding Selection (luring domestication. ]'he
Pi-ta region of Tadukan. which is the major donor for Pi-ta in Asian clililvars, Wa.S used to compare the size of tile ilItrugreSSion block With
other Pi-/(b)lltaillin g culuvars. The solid bar represents the identical sequence of Pi-la intr()gressed into resistant cuitivais. The shaded
bar represents sequence p ilviiiorpliisiits unrelated to the Pi-la introgressioll that resulted from recombination events at tile genumic region of
Pi-la. Sequence polinorphismns are marked omi the breakpoint of the Pi-la introgression block. P/A indicates the presence and absence of
pol11i T)[l15111.

was consistentl y maintained in resistant accessions to
M. orzac containing AVR-Pita. Significantl y, one of the
largest linkage blocks of resistant Pi-ta was identified
in hackcrossing amId! elite rice ctdtivars (JIA 2009). The
identification of a large linkage block around Pi-ta
raised at least two possibilities. First, other blast 11 genes
in the Pi-ta region also introgressedi into diverse elite
rice cuiltivars. Other 11 genes such as P1-t(12, P139, and
P120(i) (RYBKA et a?. 1997; i . tu ci a?. 2007; Li et (i?. 20(8)
were also mapped at the Pi-ta region, but it was unknown
if these and/or other unknown R genes were clustered
in the Pi-ta region that have been introgressed as a large
linkage block. Second, other components for the P1-ia-
mechated resistance reside within the 5-Mb region
to form a superlocus. I?-gene-mediated resistance may
involve additional R genes that may be physically linked
to provide a complete resistance to a plant pathogen. In
tomato, Prf, a NBS–LRR protein, was identified to be
involved in the Pto-mediatecl resistance (Mucvr'ci (1?.
2006). In rice, at least two NBS–IRR proteins at the Pikin
and P15 loci have been identified as providing complete
resistance to blast (ASH IKAWA ci a?. 2008; LEE ci a?.

2009). At the P1km locus, PikrnJ-TS and Pikm2-1S within

2.5 kb are required for P1km-mediated disease resistance
(Asuiiv,s. ci (i?. 2008). Similarly, two NBS–LRR pro-
wins within 50 kb, P15-I and P15-2, were reqttirecl for
complete resistance (Lri: ci (i?. 2009). At the Pi-la locus,
another gene I'tr(t) was found to he essential for P1-ia-
mediated resistance (Jis and MARTIN 2008). The
possible artificial selection of the large Pi-ta genonhic
region has been reported for maintaining the broad
s i n.mmii of P1-ia-mediated blast resistance (JtA 2009).
Taken together with other studies, this study suggests
that other components such as Pti(t) or I? genes for the
P1-ia-mediated resistance may occur within at least 5 Mb
of tile Pi-ta region.

Simple insertion/deletion or transposon may play an
important role in 11-gene evolution. It has been reported
that 18.8% of total 11 genes in Arabidopsis and 22.2%
in rice are under presence/absence polymorphism
(MI:veRs ci a?. 2003; Suex ci a?. 2(06) An example of
transposon and R-gene activation was found in the I'll
gene. The insertion of a long-terminal-repeat retrotrans-
poson in the promoter of Pit wits predicted to regulate Pit
transcription and its function for resistance (H,Y,AsI-It

and YosI-ttD, 2009). In our study, we found a transposon

FmntlRt: 4.—Gemtotnic organization around indira (resistant Pi-la) and /apooica (susceptible Pi-l(1) ctmltivars. (A) Comparisons of
getlomic regions arotlild the Pi-ta locus between Nipponbare and Katy. (B) An insertion iii time proximate Pi-la promoter region
differentiates the s i ze of hybridized bands between two susceptible ciiltmvars (Nipponbare and M202) and six resistant cultivars (Pi-
ta) (top). Schematic of the Pi-ta genomic region with indicated restriction emlivules (bottom). (C) The two domains (shaded)—
zinc finger in transpoSases and transcription factors (ZmiFTTF) and hAT famil y dimerization (hATC)—were identified by search-
ing the conserved domain of proteins from NCBI database.

mi
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in the proximity of the Pi-ta promoter in resistant
cultivars carrying Pi-ta, which was absent in accessions
without Pi-ta. This finding suggests that the trarisposon
may activate the Pi-ta-mediated resistance. Further study
may lead to a better understanding of any associations of
the transposon with Pi-ta-mediated resistance.

The divergence of indica and japonica subgroups in 0.
saliva was predicted to be caused by two independent
domestications from geographically divergent 0. rufipo-
gon populations (L0ND0 and SCHAAL 2007). The Pi-ta
haplotypes of indica or japan/ca origin were identified in
this study (Figure 2). Resistant Pi-ta was found only in
indica, weedy rice, japonica cultivars carrying the indica-
derived Pi-ta region and 0. rufipogon, suggesting that
resistant Pi-ta did not originate from japonica. The Pi-ta
variants in H5 and H6 were found only in japonica
accessions, while H2 and H3 were found only in inthea
(Figure 2), consistent with a previous study (LoNno and
SCHAAL 2007). The Pi-ta variant containing Ala-918
(PTI) separates the resistant Pi-ta variant from other
variants in both 0. saliva and 0. ruJipogon. This suggests
that PT1 existed before the divergence of the two
subspecies indica and japonica. The recent divergence
of resistant Pi-ta from susceptible Pi-la has also been
proposed from the previous studies (HUANG et at. 2008;
Y0sHIDA and MIYASI-IITA 2009). Most of the Pi-ta
variants possess serine at the position of 918. There
was no amino acid sequence polymorphism in the
group with PTI; however, significant amino acid poly-
morphism was identified in groups containing Ser-918,
consistent with previous reports (HUANG et (it. 2008;
WANG et at. 2008; YOSHIDA and MIYASHITA 2009). These
findings further suggest that there was recently a strong
selection constraint on the resistant Pi-ta protein (PT1),
and such pressures were not observed on other Pi-ta
protein variants.

An excess of amino acid substitutions over neutral
expectations were observed in the NBS region in both
0. saliva and 0. ruJl1bogon, indicating that positive
directional selection favored amino acid substitutions
in the domain. The NBS domain in diverse proteins with
ATP or GTP binding activity is involved in activating
the NBS—LRR protein in resistance. It has been docu-
mented that the Toll-interleukin I receptor region of
the I. class of flax rust Rgenes (ElLis et at. 1999) and the
N-terminal domain with the NBS region of tomato MI
protein (HwANG et at. 2000) are key regulators of signal
transduction of disease resistance. Our findings suggest
that the highly diversified NBS region may be important
for maintaining the integrity of the Pi-ta protein with the
LRD domain. III LRD of the Pi-ta protein, the level
of synonymous diversity was found to exceed the level of
nonsynonymous diversity, which is suggestive of possible
purifying selection acting on this domain. The
ratio for the LRD of Pi-ta (Ka:K, = 0.692-0.741) is
relatively low compared to that observed in other LRRs
(EI.LIs et at. 1999; MAuRIcI0 et at. 2003; ROSE et at. 2004;

BARKER et at. 2006; 0R;II. el at. 2007). It is possible
that conservation of LRI) in the Pi-ta protein may be
necessary for recognizing AVR-Pita for the signal trans-
duction (JIA ci at. 2000). High nucleotide diversity and
a large number of AVR-PiIa haplotypes were recently
identified, suggesting that A VR-P i/a is under diversifying
selection (Y. DAt and Y. JIA, unpublished data). Diver-
sified selection at NBS and purifying selection against
amino acid variants in the conserved functional LRD
region may have played a major role in shaping the
molecular evolution of Pi-ta.

In conclusion, this study revealed that (1) a trans-
poson maybe a part of the evolution with resistant Pi-la,
(2) all components needed for the Pi-la-mediated re-
sistance may he embedded within 5 Mb, and (3) strong
artificial selection has acted at and around resistant Pi-la
in the modern cultivated rice 0. saliva, while such
selection is absent in cultivars without resistant Pi-la.
These findings suggest that the evolution of Pi-la is much
more complicated than previously documented. Fur-
ther studies will be necessary for a better understanding
of the molecular mechanism of P1-ta-mediated signal
recognition and transduction pathway.
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